In 3Si-1.4Al electrical steel with addition of Co, Mo or Ni, the texture of hot bands is almost random except g fiber which is dominant. After cold reduction, the texture shows the typical (111)//ND and (110)//RD fibers. When cold rolled sheets are annealed, it is clear that g fiber of {111}͗110͘ and {111}͗112͘ decreases significantly, while, on the contrary, Goss texture increases but cube texture is not changed. Two-step annealing process was observed to be effective to increase grain size and decrease g fiber texture resulting in lowering iron loss and its anisotropy. The combination of increasing grain size and decreasing g texture by two-step annealing was able to improve magnetic properties.
Introduction
Non-oriented electrical steel sheets have been widely used as core materials in rotating machines in which rotational magnetic fields exist.
1) The magnetic behavior of non-oriented electrical steels is controlled primarily by several microstructural features of texture, grain size, and impurity. The important structure-dependent magnetic properties are permeability and watt loss which are expected to depend on grain size and texture of the fully processed nonoriented electrical steels. 2, 3) Texture evolution has attracted more academic interests. Silicon steel sheets with (100)[001] cubic texture have high permeability both in the rolling direction and the transverse direction, so that they are expected to improve the efficiency of rotating motors. Nevertheless, there is no commercial method able to attain that texture. So, the usual method for texture optimization in non-oriented electrical steels is to control grains to have orientations such as (100) [uvw] or Goss orientation with easy magnetization but to suppress orientations like (111) [uvw] and (211) [uvw] with hard magnetization direction.
It has been reported 4) that, for a given silicon content, core loss value in the steel initially decreases with the increase in the ferrite grain size. In industrial practice, ferrite grain size of non-oriented electrical steel is increased by adopting suitable hot strip rolling parameters which include low finishing and high coiling temperatures. Further to this, both hot rolled and cold rolled coils are required to be annealed to promote coarsening of ferrite grain size. Therefore, the present work tried to enlarge grain size and thus to gain useful textures by two-step annealing. Annealing was raised to the commercial temperature at the first step and subsequently heated to higher temperature at the second step, in which process grain will grow well by increase of thermal energy and thus growth of Goss texture is expected. The effect of two-step annealing on texture evolution and magnetic properties of high grade non-oriented electrical steels was examined and the correlation of texture factor and grain size with magnetic properties was verified.
Experimental Procedure
Test steels were melted in a vacuum furnace and their chemical compositions were shown in Table 1 , in which Sn and Sb were basically added to improve magnetic properties. Furthermore, in order to maximize the magnetic properties, more special elements of Co, Mo, and Ni were added to this basic alloy and their effects on the magnetic properties were investigated according to annealing conditions. The ingot were hot rolled to a thickness of 2.6 mm. Hot rolled bands were normalized at 1 000°C for 3 min, and then cooled to 250°C at a cooling rate of 200°C/min. The sheets were finally air-cooled to room temperature. The normalized hot bands were cold rolled from 2.6 mm down to 0.5 mm in thickness. The cold rolled samples were annealed in two ways, as illustrated in Fig. 1 . Single-step annealing (AFA1) was heated to 900°C at a reheating rate of 20°C/s, soaked for 3 min, cooled to 300°C in 3 min, and then slowly cooled to room temperature. The other way of two-step annealing (AFA2) was heated to 900°C at a reheating rate of 20°C/s, soaked for 1 min, then reheated to 1 050°C at the same reheating rate, soaked for 2 min, and finally cooled to room temperature. The annealing atmosphere consists of 30 % H 2 and 70 % N 2 to obtain a smooth surface without oxidization. This step annealing was based on the presumption to improve magnetic properties by acceleration of grain growth.
Grain size measurement was obtained by conventional metallography and image analysis. At least 150 grains were measured at random by using standard linear intercept method. The average grain size after hot rolling and final annealing was estimated. Texture analysis was carried out by X-ray diffractometry and (110), (200) and (211) pole figures were determined in the one fourth thickness of the sample to ensure uniformity in the texture distribution. Furthermore, orientation distribution function (ODF) was calculated from pole figure data. Specific textures and fibers were analyzed from the ODF data. The volume ratio of the sum of cube and Goss textures to g fiber was expressed as a texture factor 5) which could be well related to magnetic properties. Magnetic properties of magnetic flux density (B 50 ) and iron loss (W 15/50 ) were measured by a single sheet tester.
Results
Average grain sizes of hot bands and annealed sheets are shown in Table 2 . In hot bands, grain size reveals a little difference among all the test steels but steel D bearing Ni shows largest grain. After annealing process, average grain size increased remarkably and two-step annealing shows larger grain size than one-step annealed samples. Also Ni steel grain is largest in annealed specimens. An apparent fact indicates that addition of Co, Mo, and Ni results in less increment of grain size than steel A with no special elements comparing between one-step and two-step annealing. Steel B with Co is most effective to restrict the grain growth during two-step annealing.
The textures of hot bands and cold rolled specimens were compared. Figure 2 shows ODFs of hot bands and cold rolled specimens. In hot bands ( Fig. 2(a) Table 3 shows quantitative volume fractions of textures. Cold rolled sheets show that Goss texture decreased but cube and g fiber remarkably increased comparing with hot rolled bands. Rotated cube texture of (001)[110] increased three times hot bands in volume fraction, which is a noticeable result. Figure 3 clearly shows the intensity of orientations along a fiber and g fiber and noticeable texture changes. In cold rolled sheets, a fiber is relatively higher intensity through Fϭ0-70°than that of hot band showing quite low intensity and also shows a peak at Fϭ45°in between {112}͗110͘ and {111}͗110͘. Also g fiber shows strong intensity after cold rolling and {111}͗110͘ orientation at j 1 ϭ60°is dominant comparing with hot band.
Cold rolled specimens received different annealing processes, single-step annealing and two-step annealing. After different step annealing, the textures of these sheets were measured on one fourth thickness of specimens. The orientation distribution functions were calculated from the (200), (110) and (211) pole figures. The volume fractions of important texture components calculated from the ODFs are shown in Table 4 . From hot rolling to cold rolling, as mentioned above, texture measurements showed an increase of cube texture and g fiber but large decrease of Goss tex- ture after cold rolling of hot bands. However, difference of each texture volume fraction between test steels is not noticeable. On the other hand, in regard of the texture development of test steels by annealing method, cube, Goss and g fiber texture volumes show little difference between single-step and two-step annealing. However, Goss texture apparently increased and g fiber decreased remarkably from cold rolling to annealing. For core materials using motors, the ideal texture is a uniform (100)//ND texture with no anisotropy. Goss texture is the ideal texture for grain-oriented electrical steels and it is very attractive component in magnetic materials since it has the highest permeability in ͗100͘ direction parallel to the rolling direction and an intermediate permeability in ͗110͘ direction. It is obvious that approaching randomly textured state is realized by decreasing (111) texture. Thus in order to formulate the effectiveness of textures quantitatively on magnetic properties, a texture factor was introduced and expressed as the ratio of (cube textureϩGoss texture)/g fiber. In the present study, g fiber was represented as the sum of four major orientations of (111) [ . In annealed sheets, the texture factor of steel D is highest among the test steels but there is no apparent difference in the texture factor between one-step and two-step annealing. Also strong (211) [uvw] orientation is seen and rotated cube of (001) [110] is noticeable. Figure 4 shows orientation intensities along a, g and h fiber in two types of annealing processes. Typical rolling textures of a fiber, (110)//RD component and g fiber, (111)//ND component are very important factors for controlling magnetic properties. h fiber, (100)//RD component, is a key factor for getting random texture, so called isotropic texture. Viewing the effect of two-step annealing on these fiber texture components, steel D with Ni shows lower g fiber for two-step annealing than for single-step annealing but shows similar intensities for a and h fibers between both processes. However, Mo containing steel C is contrary to the Ni steel, that is, g fiber is higher for twostep annealing. Steel B with Co shows little difference in fiber intensities between two annealing processes. Thus the fact that two-step annealing is beneficial to decrease g fiber and become a practicable method for decreasing (111) component at least for Ni bearing steel was verified. Table 5 shows the magnetic properties of final annealed sheets. Two-step annealing process shows a high magnetic flux density only in steel D but other steels show a low magnetic flux density, comparing with the one-step annealing. Differently from the magnetic flux density, iron loses are much lowered by double step annealing comparing to the single step annealing. Among the test steels, nickel added steel reveals remarkably lower iron loss than cobalt or molybdenum bearing steel. In regard of magnetic anisotropy, it is different depending upon elements added and annealing method. For steels A and D, anisotropies of magnetic induction and iron loss appear higher after twostep annealing than one-step annealing, but steels B and C shows less anisotropies after two-step annealing. The Ni steel showing the lowest iron loss reveals largest anisotropies in both magnetic flux density and iron loss in two-step annealing is of interest.
Discussion
Comparing annealed sheets between single-step and twostep annealing, it was evidenced that the two-step annealing process was effective to get desirable cube and Goss tex- tures and grain size for all the test steels. As mentioned above, effective measures to reduce core loss of non-oriented electrical steel are needed to decrease the hysteresis loss that dominates total iron loss. 6) In order to achieve this purpose, an optimum grain diameter is necessary for nonorientated electrical steel by optimizing manufacturing process. For all the test steels, grain grew significantly in two-step annealing and its growth increased by 8-14 % comparing to one-step annealing. The Mo bearing steel revealed more growth rate than Co and Ni bearing steels. The Co steel showed lowest growth, which means that Co is most effective to restrict grain growth. It is obvious that these elements play a role to hinder recrystallization growth during both annealing methods as these steels are compared with the reference steel A which shows larger grain growth by two-step annealing. Furthermore, texture change is greatly important because texture is changed according to grain growth and it is very much related to magnetic properties. Development of cube and Goss textures in the recrystallization process is beneficial to magnetic properties but g fiber is detrimental. Overall results in this work indicate that cube and Goss textures were slightly increased by two-step annealing comparing with single-step annealing. However, one distinct result turned out that g fiber of Ni steel was higher than that of Co and Mo steels after cold rolling but it became lower after both annealing methods, which implies that Ni element plays a role in reducing g fiber during annealing. Unfortunately it was not verified how Ni reduced g fiber in the present work.
In regard of relationship between texture factor and magnetic properties, higher texture factor generally results in lower iron loss and higher magnetic flux density. 5, 7) However, in the present result, texture factor was not increased conspicuously by two-step annealing, as illustrated in Fig.  5 . The overall results in both annealing processes showed that samples annealed in two-step revealed more or less similar a//RD fibers and g//ND fibers to single-step annealed materials (Fig. 4) , which also results in a little in-crease of texture factor. Magnetic properties are usually concomitant with crystal texture, 5) i.e. cube and Goss textures which are favorable to magnetic properties, but g fiber is unfavorable. Even though two-step annealing did not promote the development of cube and Goss textures, it was evidenced that it promoted the reduction of iron loss. This improvement of iron loss is supposed due to grain size increase in two-step annealing process, because grain boundary is detrimental to magnetic properties. Materials with larger grains have rather less number of total grain boundaries comparing to materials with smaller grains. So twostep annealing might have better effectiveness on lowering iron loss than single-step annealing due to the grain size effect. To begin with, two-step annealing was assumed to affect textures (texture factor) and thus magnetic properties. The answer to the assumption is found in Fig. 5 , in which the magnetic flux density increased with increasing the magnetic factor for both annealing methods. A large texture factor means naturally that volume of cube texture and Goss texture is large comparing with g fiber. In case of twostep annealing, magnetic induction of B 50 is lower than onestep annealing up to texture factor of 20 %. The reason for this result is presumably thought that in regard of grain size effect, obtained from two-step annealing (Table 2) , texture factor effect on B 50 between large and small grain under the same texture factor value become smaller for larger grain. That is, magnetic induction becomes lower for larger grain. However, if TF is over 20 %, that is, volume of cube and Goss textures is relatively more than g fiver, two-step annealing shows apparently higher magnetic induction than one-step annealing. On the other hand, in the relation between texture and iron loss, the latter decreases with an increase in texture factor and two-step annealing reveals lower iron loss level with texture factor than one-step annealing. This result is reverse to the magnetic flux density as mentioned above, of which reason is explained also by grain size effect, that is, two-step annealing brings about larger grains which result in a decrease in number of grain boundaries in a given volume of material and finally results in lowering iron loss.
Regarding effect of two-stage annealing on magnetic anisotropy, as though the effect of two-step annealing on magnetic anisotropy was different according to elements © 2007 ISIJ Table 5 . Magnetic properties of annealed sheets. added as seen in Table 5 , only Ni bearing steel showed large anisotropies of magnetic induction and iron loss in two-step annealing. It is evidenced from this result that Ni element plays a role to decreases iron loss and to enhance magnetic induction but to enlarge magnetic anisotropy. From above discussion, it is concluded that two-step annealing is effective in lowering core loss and increasing magnetic induction due to reduction of g fiber and increase of cube texture.
Conclusions
In 3Si-1.4Al electrical steel with addition of Co, Mo or Ni, the texture of hot bands is almost random except g fiber which is dominant. After cold reduction, the texture shows the typical (111)//ND and (110)//RD fibers. When cold rolled sheets are annealed, it is clear that g fiber of {111}͗110͘ and {111}͗112͘ decreases significantly, while, on the contrary, Goss texture increases but cube texture is not changed. Two-step annealing process was observed to be effective to increase grain size and decrease g fiber texture resulting in lowering iron loss and its anisotropy. The combination of increasing grain size and decreasing g texture by two-step annealing was able to improve magnetic properties.
